Results showed that using the NIST/JET ceiling jet algorithm gave a closer prediction of the sprinkler response time in a small room than Alpert's correlation. This was expected, since the former includes the effect of a hot upper layer while the latter applies to unconfined ceilings. The experiments available for comparison had been conducted inside an enclosure with a developing hot upper layer. The findings also signified that changing the sprinkler operational parameters can change the predicted sprinkler activation time significantly.
INTRODUCTION

General
In recent years, as a result of a greater interest in performance-based design, increased building design complexity and advances in computer processing power, the development and use of computer tools for simulating fire have grown dramatically. Computer fire models play an important role in many fire engineered solutions by assisting engineers to better understand likely fire behaviour and its effects in a given building.
Computer models vary considerably in complexity from simple zone models to sophisticated computational fluid dynamic models. They also include many special-purpose codes for predicting specific phenomena such as glass breakage or heat detector activation. However, all models require validation before they can be used with confidence.
A heat detector response model is intended to predict the time at which a heat detector is expected to operate given the properties of the detector and the fire environment to which it is exposed. This paper describes research on the validation of a heat sensor model that has been incorporated within an existing fire zone model [1] . In this case, the heat sensor is a glass bulb sprinkler head.
There have been a number of models previously developed to predict the response time of sprinklers.
The better known models include DETACT-QS [2] , LAVENT [3] and JET [4] . Parts of these models have been drawn upon in implementing the sprinkler response model described in this paper.
Background
During the growth stage of a fire, the smoke environment in a room can be represented by two layers, a hot upper layer and a cool lower layer (as shown in Figure 1 ). In the early stages of fire development, the temperature of the lower layer is close to ambient. The temperature of the upper layer, however, rises as the plume above the fire transports smoke and hot gases into the upper layer along with a significant volume of entrained air. Once the plume reaches the ceiling, hot gases travel beneath the ceiling in a radial direction away from the plume. This hot gas flow is known as the ceiling jet, the properties of which strongly influence the operation of fire detectors and sprinklers.
Figure 1. Room fire development
The activation time of the sprinkler is the time at which the temperature of the sprinkler bulb reaches the nominal activation temperature. Convective heat transfer from the flowing gases in the ceiling jet to the sprinkler bulb is the primary heat transfer mechanism. However, for an enclosure where the ceiling jet is immersed in a hot layer, additional heat transfer from the hot layer to the sprinkler occurs. There are also heat conduction losses from the sprinkler head to the attached pipework.
The best known ceiling jet model is that developed by Alpert [5] who described the gas temperature and velocity in a ceiling jet dependent on the fire size, ceiling height and radial distance from the centre of the fire plume. This was based on fire gases flowing beneath an unconfined ceiling. More recently, Davis [6] developed a detailed mathematical description of the ceiling jet taking into account the presence of a hot upper layer.
Both these ceiling jet models were incorporated into an existing fire zone model [1] allowing fire development in an enclosure to be simulated along with predictions of sprinkler response time.
MODEL DESCRIPTION
Zone model
BRANZFIRE [1] is a zone model used to calculate the time-dependent distribution of smoke, fire gases and heat throughout a collection of connected compartments during a fire. Each compartment is divided into two layers -a hot upper layer and a cool lower layer. The conservation equations used take the mathematical form of an initial value problem for a system of ordinary differential equations (ODE). These equations are derived using the laws of conservation of mass and energy, the ideal gas law and related equations for density and enthalpy, and are in a form given by Peacock et al [7] .
These equations predict time varying quantities such as pressure, layer heights and temperatures given the accumulation of mass and enthalpy in each layer. The model solves the set of ODE's to determine the environment in each compartment layer. The equation for the rate of the change of the pressure in the room, P, is (variables are defined in the nomenclature):
This is the gauge pressure at floor level in the compartment, relative to atmospheric pressure at a nominated reference elevation. The equations for the rate of change of the upper layer volume, V , and upper and lower layer temperatures, and respectively, are: 
Alpert's correlations
The empirical correlations developed by Alpert [5] for the temperature, , and velocity, , of the ceiling jet are: Variation of temperature and velocity with distance beneath the ceiling is ignored, so it is implicitly assumed that the sprinkler link is located at the distance below the ceiling at which these maximum values occur.
JET algorithm
The JET algorithm developed at NIST by Davis et al [6] , along with the subsequent zone model [4] of the same name, predicts the plume centreline temperature, the ceiling jet temperature and the ceiling jet velocity produced by a single fire plume. The unique feature of this algorithm is that the characteristics of the ceiling jet depend on the temperature and depth of the hot layer. The characteristics of the hot layer are calculated from the mass and energy balance equations solved by the fire model (BRANZFIRE). The detailed equations that describe the JET algorithm are published elsewhere [4, 6] .
An enhancement to the JET model [6] was made by including the variation of ceiling jet temperature and velocity with depth, from the ceiling surface to the depth at which the maximum temperature occurs [9] . Below that distance it is then assumed that the maximum ceiling jet temperature reduces asymptotically to equal the hot layer temperature at the level of the smoke layer interface. The variation of the ceiling jet temperature and velocity with distance below the ceiling is incorporated using the LAVENT method described in NFPA 204 Appendix B [9] . At the ceiling, the ceiling jet temperature equals the ceiling surface temperature and then increases to a maximum value at a depth, , below the ceiling given by: Assumptions that apply with both the Alpert and JET models include:
• compartment pressure near ambient
• flames do not touch the ceiling
• fire is located in centre of compartment
• fire is fully ventilated
• ignores transport time
• ignores radiant heating of link/bulb.
For fires located adjacent to a corner or wall, the HRR used in the ceiling jet correlation is modified assuming the method of reflection (i.e. uses 2 or 4 for wall and corner fires respectively).
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EXPERIMENTS
Experiment description
A set of 22 fire experiments where a single chair was burned in an enclosure were conducted. Two sprinkler heads were installed for each experiment and the sprinkler activation time, chair mass loss rate and gas temperature profile in the room were measured and reported by Bittern [10] . The HRR was estimated by Bittern from the measured mass loss rate and the effective heat of combustion of the fuel [10] . A bare-wire Type K thermocouple was located adjacent to each sprinkler head, and stainless steel sheathed, mineral insulated Type K thermocouples were used to measure the gas Table 1 summarises the position of the fire and the door configuration for each experiment. Experiment 11 was excluded for this comparison as no mass loss data for the chair was collected.
The compartment was built from timber-framed walls and ceiling and lined with painted 10 mm thickness gypsum plasterboard. The compartment had internal dimensions of 8 m x 4 m x 2.4 m high and was based on the room specifications contained in UL 1626 [11] . The compartment layout is shown in Figure 2 . The door set was made of a wooden frame with a plywood door leaf with dimensions of 0.8 m wide x 2.1 m high. The floor of the compartment was concrete. The four sprinkler heads were supplied by the manufacturer TYCO and were selected based on sprinkler head availability. The selected sprinkler heads provided a variation in activation temperature and RTI.
The sprinkler heads were not charged with flowing water during the experiment, but the pipe sections connected to the head did contain water under pressure. This was achieved by holding the water back with a closing valve in the pipe network. Pressure gauges were also installed immediately upstream of each sprinkler head, but before the closing valve, to indicate sprinkler activation.
Technical data for each sprinkler head is shown in Table 2 . The RTI was based on a manufacturer's estimate. Tsui [13] however Standard Response SS68 responded quicker than Standard Response SS93.
Experiment results
The position of the fire relative to the sprinkler head is also an important parameter influencing the 
SIMULATIONS Scenarios
The scenarios investigated were:
1. Simulations using base case values for the sprinkler parameters in conjunction with the NIST/JET and Alpert's ceiling jet correlations respectively. The base case values are given in Table 4 . The simulations were run using the base case values describing the sprinkler characteristics as shown in Table 4 with both NIST/JET and Alpert's ceiling jet options available within the BRANZFIRE fire model. Table 5 . [ ]
Sprinkler type
To illustrate the simulated variation of the gas temperature with depth beneath the ceiling, Figure 8 shows the assumed gas temperature profile over the height of the room for experiment 1 at 290 seconds.
Sensitivity analysis -response time index (RTI)
Wind tunnel tests on the Standard Response SS68 sprinkler head by Tsui [13] The JET ceiling jet option (for the base case) gave sprinkler activation times that were, on average, 21% longer than the measured response times for fires located in the centre of the room.
Furthermore, the mismatch of the predictions based on the JET ceiling jet model and the experimental results increases with distance from the plume. The use of the Alpert ceiling jet option indicated much longer response times in small rooms compared to actual response times. However, usually this would be considered conservative for design purposes.
The position of the sprinkler head beneath the ceiling is an important parameter and has a strong influence on the predicted ceiling jet temperature at the sprinkler position and therefore the response time of the sprinkler. It was found that simulations using the maximum depth below the ceiling of 25 mm gave the closest match with the experimental data. Values for the RTI and C-factor were found to be not so critical when comparing the simulations and experiments. The estimated RTI values provided by the supplier and a typical C-factor of 0.4 (m/s) 1/2 gave reasonable results and would be appropriate for design purposes.
The ability to accurately model sprinkler activation not only relies on the depiction of their operational characteristics, but also depends on the accuracy of the ceiling jet conditions which in turn are a function of the source fire term. In the case of the modelling presented in this paper, sources of uncertainty are introduced in the fire growth input through the measurement of the mass loss rate and the determination of the heat of combustion. The assumptions necessary for the zone modelling approach introduce the potential for additional errors which affect any comparison between simulations and experimental results. Given these limitations, the results presented in this paper from using the JET ceiling jet option in BRANZFIRE can be considered to give a reasonable match with the experimental data. 
